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@ Production of porous ceramics. 



@ Porous ceramics having high porosity and a narrow pore size distribution are obtained by preparing a 
dilute slurry by mixing a ceramic raw material with a solution of such an organic high-molecular 
compound as ammonium alginate, which is capable of being gelled by reaction with an acid or a di- or 
more-valent cation, or by being heated or cooled. The slurry is contacted with a liquid or gel in which the 
acid or a di- or more-valent cation is present, or is heated or cooled to obtain a green ceramic gel body, 
and the obtained body fired. A hybrid porous ceramic is obtained if the slurry contains a di- or 
more-valent cation compound as a gelling agent. The porous ceramics have improved resistance and 
mechanical strength, typically compression strength, and a narrower pore size distribution, thus being 
suitable as catalyst carriers for high-temperature purposes or as canriers for bioreactors. 
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The present invention relates to a method of producing porous cerannics, particularly porous ceramics 
which have high porosity and a narrow pore size distribution. The method of the present invention is particularly 
useful for producing various types of catalyst carriers, ceramic membranes, filter plates, bioreactors and sen- 
sors, and other elements used at high temperatures. 

5 So far, porous ceramics have been produced by regulating the pore size of a batch of raw particulate ma- 

terial, compacting or otherwise forming it, and calcining it to regulate the interstices between pores in the green 
ceramic body, thereby producing a porous ceramic body; or alternatively firing a batch of raw material containing 
an organic material such as synthetic fiber or cellulose to burn out that organic material, thereby forming pores 
and obtaining a porous ceramic body. In order to obtain ceramic porous bodies by these ceramic-fomning techni- 

10 ques, the starting batch is formed by ceramic forming procedures similarto those for obtaining tightly compacted 
ceramic bodies, such as pressing, extrusion or casting, followed by firing. 

However, a problem with using ceramic forming procedures similar to cunrently available ones for obtaining 
tightly compacted, sintered ceramic bodies is that the forming density is so increased that the proportion of dis- 
crete particles is considerably reduced. This results in another problem that when sintering is caused to proceed 

15 further by post-firing to increase the strength of the porous ceramic compacts, their porosity drops to about 30 
to 50% due to shrinkage on firing. In general, a ceramic raw material is wet formed or compacted at a concen- 
tration of 60% or more with respect to the slunry batch used. The compact obtained in this case, however, is 
so increased in density that the proportion of discrete particles is significantly reduced. In consequence, the 
porosity-on-drying of the compact drops sharply upon firing at high temperature with the possible occurrence 

20 of closed pores; considerable difficulty has been encountered in obtaining porous ceramics having high por- 
osity, uniform pore size and excellent mechanical strength. Thus, porous ceramic bodies having the good 
properties that their precursors or compacts have as such, e.g. good pore structure and pore distribution, have 
less than satisfactory mechanical strength; it is only porous ceramics having low mechanical strength that can 
now be obtained. 

25 In order to achieve high porosity by the technique for manufacturing porous ceramics from a ceramic batch 

containing organic material such as synthetic fiber or cellulose, it is required to use them in large quantities, 
but this poses some problems in that it is difficult to disperse the organic materials unifonmly throughout the 
ceramic raw material; and the resulting size distribution of pores is broad. The organic materials also make it 
impossible to increase heating rates, and it takes much time to burn them out. 

30 Other techniques for obtaining porous ceramic bodies are also available, one of which comprises preparing 

a metal alkoxide, a typical ceramic raw material which serves as an aggregate, causing it to gelate by hydrolysis, 
and finally drying and calcining the gel product; and another of which comprises coating or spraying a ceramic 
slurry or a metal alkoxide sol onto a ceramic canrier, followed by calcination. 

However, problems with using the metal alkoxide as the ceramic raw material are that they are costly and 

35 awkward to produce, and that the porosity of the resulting porous compact drops extremely upon being fired 
at a temperature of 1000°C or higher. 

In order to obtain porous ceramic films by coating or spraying an ordinary ceramic raw material slurry thinly 
onto a support, it is required to decrease its viscosity. However, a problem with reducing the solids content of 
the ceramic raw material slurry to decrease Its viscosity is that the ceramic raw material aggregates, making 

40 the thickness of the film uneven and giving rise to pin holes. 

According to the present invention a porous ceramic having high porosity and a narrow pore size distribution 
is obtained by bringing a dilute slurry, obtained by mixing a ceramic raw material with a solution of an organic 
high-molecular compound, that is capable of gelating through reaction with an acid or a di- or more-valent cation 
or by being heated or cooled, into contact with a liquid or gel in which an acid or a dl- or more-valent cation Is 

45 present, or heating or cooling said dilute slunry to prepare a gel compact, and firing the thus obtained gel com- 
pact. A hybrid porous ceramic may be obtained from the ceramic raw material in the slurry and the di-or more- 
valent cation compound used to instigate gelation. 

Some solutions of naturally occurring or synthetic high-molecular substances are known to gelate through 
chemical reaction or on heating or cooling. As noted eariier, in the method of the present invention a particulate 

50 ceramic raw material is added to a solution of a naturally occurring or synthetic compound capable of gelating 
as a result of a chemical reaction, or by being heated or cooled to prepare a slurry, and pouring said slurry 
into, or otherwise bringing it into contact with, a liquid or gel in which an acid or a di- or more-valent cation is 
present, or heating or cooling said slurry to achi ve gelation. Preferably the ceramic partici s are present in a 
concentration of about 1 to 60% by weight of the slurry. 

55 In the method of this invention, the ceramic raw particles are each surrounded on gelation by a large amount 

of formed solvent, because the large molecules are crosslinked together. In consequence, any rearrangement 
of the slurry is very unlikely to occur even after gel drying; thus it is possible to obtain a green ceramic body 
having an increased proportion of discrete particles and a very greatly increased porosity. 

2 
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When the gelated green ceramic body is dried and then fired by heating to a temperature higher than the 
sintering temperature of the ceramic raw material used, the overall sintering area is so limited due to the 
increased proportion of discrete particles that the open pores are substantially left intact, thus making it possible 
to obtain porous ceramics in which the particulate material is tightly bonded together around pores, and which 
have high porosity and excellent mechanical strength. The green ceramic body must be fired by heating to a 
temperature higher than that at which the sintering of the ceramic raw material begins to take place. Although 
It may be possible to vary the pore characteristics of the resulting ceramic product without causing any signifi- 
cant change in its porosity by altering the firing temperature and time, it is preferred that the firing temperature 
lie in the range between the temperature at which the sintering of the ceramic raw material begins to take place 
and up to the temperature at which a perfectly sintered, densified ceramic product is obtained. 

Thus, the porous ceramics of this invention suffer no change in their pore characteristics even upon use 
at high temperatures; they can be used as catalyst carriers for high- temperature purposes and as bioreactors 
needed to have wear resistance and compression strength. According to this invention, it is also possible to 
obtain various filters for fluids or gases - which have no or little pinholes, are very thin and excel in fluid pre- 
meability, typically air filters or filters for fermented yeasts, by coating a gelating slunry containing ceramic par- 
ticles onto a suitable ceramic support to form a film, followed by the gelation of the film. 

For instance, the organic high-molecular compounds which are used for obtaining the gel-forming slurry 
according to this invention and can gel in the presence of an acid or a di- or more-valent cation include alginates 

such as sodium and ammonium alginates, K-canrageenan, ^ -carrageenan and pectin, each used in the form 
of an aqueous solution. It is preferred that the aqueous solution of the organic high-molecular compound be 
used at a concentration of 0.1 to 5 % by weight. This is because concetrations below 0.1 % by weight would 
give rise to a lowering of gel strength while concentrations higher than 5 % by weight would make the viscosity 
of the slurry too high to use it. 

In order to give form to the slurry by gelation, a given quantity of the slurry may be poured in a liquid con- 
taining an acid or a di- or more-valent cation that is a gelling agent, or may otherwise be brought into contact 
with that liquid. In this way, any desired, e.g. particulate, thread-like, sheet-like or bulky, form of green ceramic 
body may be obtained. In order to obtain a film-form porous ceramic, the slurry may be coated onto a suitable 
porous ceramic support and then brought into contact with a liquid containing an acid or a di- or more-valent 
cation that is a gelling agent, as already mentioned. 

When acids are used as the gelling agent, most acids, whether inorganic or organic, may be employed, 
but preference is given to using acids having a pH value of 3 or less. At pH higher than 3 no instantaneous 
gelation would take place. Acids that volatilize off during firing and so are unlikely to contaminate porous 
ceramics with impurities may also be used. 

When liquids containing di- or more-valent cations are used as the gelling agent, preference is given to 
using aqueous solutions of chlorides, sulfates and nitrates of calcium, aluminium, zirconium, barium, chromium, 
etc. Preferably, such aqueous solutions have a salt concentration of at least 1 x lO-^mol/l, below which difficulty 
would be encountered in instantaneous gelation. 

In order to enhance the dispersibility of the ceramic particulate material, the slurry may additionally and 
preferably contain generally available dispersants, typically ammonium polycarbonate, ammonium polyacry- 
late, polyacrylic ester and condensed ammonium naphthalene-sulfonate. 

For solutions of high-molecular substances that may be used for the method for producing porous ceramics 
according to this invention and gelate by heating, preference is given to using methylcellulose, carboxymethyl- 
cetlulose, etc. at a concentration of 0.1 to 5 % by weight. Giving fomn to the slurry - obtained by dispersing the 
ceramic raw material in a solution of the high-molecular substance capable of gelating by heating - by gelation 
may be achieved, by way of example, by heating the slurry filled in a mold or pouring or spraying the slurry into 
or onto hot water of 50-1 OO^'C. What procedures are chosen for gelation suitability depends upon the required 
shape and size. 

Substances usable for the method for producing porous ceramics according to this invention and capable 
of gelating by cooling, for instance, include polysaccharides such as carrageenan, agar and xanthane gum, 
gelatin and polyvinyl alcohol. 

The gelling procedures by heating or cooling are best suited for obtaining thick green ceramic bodies. 

The present invention will now be illustrated by the following non-limiting Examples. 

Example 1 



One hundred (100) parts by weight of high-purity alumina with an av rage particle size of 0.2 |.im (TMD 
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made by Taimei Kagaku Kogyo K. K.) and 120 parts by weight of a 1 wt.% aqueous solution of ammonium algi- 
nate were mixed together with 1.8 parts by weight of an ammonium poly carboxyl ate dispersant (Aron A-61 14 
made by Toa Gosei Kagaku Kogyo K.K.) in a container for 3 hours in the presence of partially stabilized zirconia 
balls, and the mixture was then aged to 24 hours to prepare a slurry having an alumina content of about 45 %. 
Packed in an injector, this slurry was through its 2-mm inside diameter nozzle into an aqueous solution of alumi- 
nium sulfate with a 0.05 mol/l concentration. After to stand for 20 minutes, it was washed with distilled water 
and then dried at SO^'C for 3 hours. 

As measured after drying, the green ceramic body was found to have a mean pore size of 0.18 ^m, a por- 
osity of 71 % and a compression strength of 50 kg/cm2. Then, the green body was fired at temperatures of from 
1 100**C to 1350**C for 1 hour to obtain porous ceramics. The relations between the firing temperature and the 
apparent porosity and compression strength of the obtained porous ceramics are set out in Table 1 . Note that 
they were all found to have a constant mean pore size of 0.15 |.im irrespective of at what temperatures they 
had been fired. 

Comparative Example 1 

Distilled water was added to 1 00 parts by weight of high-purity alumina with a mean particle size of 0.2 |.tm 
(TMD made by Taimei Kagaku Kogyo K. K.) and 1.8 parts by weight of an ammonium polycarboxylate disper- 
sant (Aron A-61 14 made by Toa Gosei Kagaku Kogyo K.K.) to prepare a slurry having an alumina content of 
ca. 70 % by weight, which was in turn mixed together for 3 hours as in Example 1, followed by 24-hour aging. 
The thus obtained slurry was cast in a gypsum mold to obtain 50 mm x 50 mm x 50 mm green ceramic bodies. 
After drying at ambient temperature for 12 hours and then at 60°C for a further 3 hours, they were fired at tem- 
peratures of from 1050°C to 1350°C for 1 hour. The relation between the firing temperature and the apparent 
porosity is set out in Table 1. The porous ceramics, fired at temperatures of 1050°C or higher, were all found 
to have a compression strength of 250 kg/cm2. 

Comparative Example 2 

One hundred (100) parts by weight of high-purity alumina with an average particle size of 0.2 \.im (TMD 
made by Taimei Kagaku Kogyo K. K,) and 43 % by weight of a 0.5 wt.% aqueous solution of ammonium alginate 
were mixed together with 1.8 parts by weight of an ammonium polycarboxylate dispersant (Aron A-61 1 4 mad 
by Toa Gosei Kagaku Kogyo K.K.) for 3 hours as in Example 1, and the mixture was then aged for 24 hours 
to prepare a slurry having an alumina content of ca. 70 %. 

Packed in an injector, this slunry was passed through its 2-mm inside diameter nozzle into an aqueous sol- 
ution of aluminium sulfate with a 0.05 mol/l concentration. After allowing to stand for 20 minutes, it was washed 
with distilled water and then dried at SO°C for 3 hours. 

Following drying, the dried body was fired at temperatures between 1050*'C and 1350°C. 
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Table 1 





Example 1 


Comp . Ex. 1 


Comp . Ex . 2 


Firing Temp. 


A.P. C.S. 


A.P C.S. 


A.P . C.S. 


CO 


{%) (kg/cm 


2 2 
^) (%) (kg/cm^) 


2 

{%) (kg/cm^) 


1050 




42 250 


44 200 


1100 


63 


40 




1150 




37 


39 


1200 


59 






1250 




15 


18 


1350 


44 1500 


0 


0 


Note that 


A.P. and CP. 


stand for apparent porosity and 



compress i on strength , respect ively . 



The above data indicate that the porous ceramics obtained according to the method of this invention have 
a sufficiently high porosity even at the temperature at which the cast ceramic bodies are perfectly sintered, and 
shows an increased mechanical strength as well. 

Example 2 

Forty (40) % by weight of High-purity y-alumina with a specific surface area of 140 m^/g (AKP-G made by 
Sumitomo Chemical Co., Ltd.) and 360 parts by weight of a 2 wt.% aqueous solution of ammonium alginate 
were mixed together with 4 % by weight of an ammonium polycarboxylate dispersant (Aron A-6114 made by 
Toa Gosei Kagaku Kogyo K.K.) and then aged as mentioned in Example 1. Filled in an injector, the slurry having 
an alumina content of ca. 1 0 % was passed through its 2-mm diameter nozzle into 1 N hydrochloric acid, allowed 
to stand for 20 minutes, washed with distilled water and dried at 60°C for 3 hours 

Then, the dried bodies were fired at temperatures between 1 100°C and 1 500°C to obtain porous ceramics. 

The sintering temperature, apparent porosity and pore size of each of the obtained porous ceramics are 
set out in Table 2. 

Example 3 

Filled in an injector, the same slurry as prepared in Example 2 was passed through its 2-mm nozzle into 
an 0.05 N aqueous solution of zirconium oxychloride, permitted to stand for 20 minutes, washed with distilled 
water and dried at eo^'C for 3 hours. 

The obtained dried bodies were fired at temperatures between 1350^C and 1500°C for 1 hour to obtain 
porous ceramics. 

The firing temperature, apparent porosity and pore size of each of the obtained porous ceramics are set 
out in Table 2. 

Accompanying the present specification is an electron micrograph of 20,000 magnifications, showing a sec- 
tion of the porous ceramic specimen obtained at 1350°C. As can be best shown, the alumina matrix is in an 
entangled state, as Is the cas with porous glass, retains a void content higher than would be possible using 
conventional forming technique and consists of a three-dimensional network structure. Moreover, not only does 
this ceramic specimen no longer retain the pore characteristics of the green ceramic body but it is also increased 
in strength due to even more enhanced interparticle sintering. In addition, within the porous ceramic structure 
there are uniformly and finely dispersed zirconia particles. 
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Table 2 







Example 2 


Example 3 


Firing Temp. 


A . P 


M.P.S. 


A. P . 


M.P.S 


(•C) 


(%) 


(um) 


(%) 


(urn ) 


1100 


78 


0 . 03 






1200 


72 


0 . 16 






1350 


68 


0 . 40 


64 


0 . 18 


1500 


63 


0 . 57 


58 


0 . 38 



Note that A. P. and M.P.S stands for apparent porosity 
and mean pore size, respectively. 

Example 4 

The slurry prepared in Ex. 1 was coated onto the inner surface of an 8-nrim inside diameter pipe formed of 
alumina with a pore size of ca. 2 |.im, which was in turn immersed in 1N hydrochloric acid. After allowed to stand 
for 5 minutes, the pipe was washed with distilled water and then dried at 60°C for 3 hours. The pipe was sub- 
sequently fired at 1200^*0 for 1 hour to obtain a ceramic filter with a porous ceramic film thereon. No pinholes 
were observed at all on the smooth surface of the ceramic film, which was found to have a pore size of 0.15 
nm and a thickness of 3 f.tm, both good enough. 

Example 5 

The slurry prepared in Ex. 2 was coated onto the inner surface of an 8-mm inside diameter pipe formed of 
alumina with a pore size of ca. 2 ^m, which was in turn immersed in 1N hydrochloric acid. After allowing to 
stand for 1 minute, the pipe was washed with distilled water and then dried. The pipe was subsequently fired 
at a temperature varying between 1 1 00°C and 1 500°C for 1 hour to obtain a ceramic filter with a porous ceramic 
film thereon. No pinholes were observed at all on the smooth surface of each ceramic film, which was found 
to have a satisfactory thickness of ca, 3 |.im. The size pores were substantially the same as set out in Table 2. 

Example 6 

A powdery mixture of 72 % of intermediate alumina powders with high purity and a specific surface area 
of about 140 m2/g (AKP-G made by Sumitomo Chemical Co., Ltd.) with 28 % of silica powders with a medium 
particle size of 0.5 ^m was mixed with a 1 % aqueous solution of ammonium alginate, and the mixture was 
then aged into a slunry containing about 30 % of the ceramic raw material. 

The above slurry was coated onto the inner surface of an 8-mm inside diameter pipe formed of alumina 
with a pore size of 2 f.im. Then, the alumina pipe was immersed in IN hydrochloric acid, permitted to stand for 
1 minute, washed with distilled water and dried. After that, it was fired at IBOO'^C for 2 hours to obtain a filter 
with a porous mullite film thereon. No pinholes were observed at all on the smooth surface of the film, which 
was found to have a pore size of 0.80 ^tm and a thickness of 10 (.im, each good enough. Because of firing at 
high temperature, the film was converted into a single phase consisting substantially of mullite, suggesting that 
it would be useful as a filler excellent in heat resistance but also for other purposes. 

Example 7 

One hundred (1 00) parts by weight of high-purity a-alumina with a mean particle size of 0,2 ^m (TMD made 
by Taimei Kagaku Kogyo K.K.), 120 parts by weight of a 3 % aqueous solution of -carrageenan, heated to 95^C, 
and 1.8 parts by weight of a dispersant (Aron A-6114 made by Toa Gosei Kagaku Kogyo K.K.) were heated 
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and stirred together for 3 hours to prepare a slurry. This slurry was charged in a 1 0 mm x 1 0 mm x 1 0 mm frame, 
allowed therein to stand for 3 hours, cooled off to an ambient temperature of 30°C or lower, removed from the 
frame and dried in vacuo. After that, the green ceramic body was fired at 1350°C for 1 hour to obtain a porous 
ceramic product, which was found to have a porosity of 45 % and a mean pore size of 0.15 ^.im. 

Example 8 

One hundred (100) parts by weight of high-purity a-alumina with a mean particle size of 0.2 (.im (TMD made 
by Taimei Kagaku Kogyo K,K.), 1 20 parts by weight of a 2 % aqueous solution of methylcellulose and 1 .8 parts 
by weight of a dispersant (Aron A-6114 made by Toa Gosei Kagaku Kogyo K.K.) were heated and stirred 
together for 3 hours to prepare a slurry. This slurry was charged in a 10 mm x 10 mm x 10 mm frame wherein 
it was then heated at 90*^C for 1 hour for gelation. After removal from the frame, the gel body was dried at 70°C 
for 3 hours and then fired at 1350°C for 1 hour to obtain a porous ceramic product, which was found to have 
a porosity of 43 % and a mean pore size of 0.15 |.im. 



Claims 

1. A method for producing a porous ceramic product by forming and firing a ceramic raw material, charac- 
terized in that the method comprises the steps of mixing said ceramic raw material with a solution of an 
organic high-molecular weight compound capable of being getated by reaction with a solution of an acid 
or a di- or more-valent cation, or by being heated or cooled, to prepare slurry, contacting such slurry with 
a solution containing an acid or di- or more-valent cation, or heating or cooling said slurry, thereby obtaining 
a green ceramic body, and drying and firing said green ceramic body. 

2. A method as claimed in Claim 1, wherein said di- or more-valent cation is incorporated into said porous 
ceramic product. 

3. A method as claimed in Claim 1 or 2, wherein said slurry contains said ceramic raw material at a concen- 
tration of from 1 to 60% by weight. 

4. A method as claimed in Claim 1 , 2 or 3, wherein said porous ceramic product is a filter for liquids or gases. 

5. A method as claimed in Claim 4, wherein said slurry contains a solution of an organic high molecular weight 
compound capable of being gelated by reaction with an acid or a di- or more-valent cation, and the slurry 
is coated onto a porous ceramic support before being contacted with said solution containing an acid or 
di- or more-valent cation. 



6. 



A method as claimed in any preceding claim, characterized in that said porous ceramic product is a carrier 
for bioreactors. 
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